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An LMR spectrum on the 108 p D,O laser line has been observed and assigned to the 8,,,+7,,, rotational 
transition of HCO. The spectra of both T (parallel) and (r (perpendicular) polarizations have been fitted by 
the least squares method, giving excellent agreement between the calculated and observed magnetic fields. 
The rotational frequency obtained from the fittings has been used to determine the A rotational constant. 
In addition, the electron spin-rotational splitting of each rotational level and the Fermi constant have been 
determined. 

INTRODUCTION 

Laser  Magnetic Resonance (LMR) is a very sensitive 
technique for the observation of paramegnetic Species 
which exist in the gas phase. Both stable and transient 
paramagnetic species can be and have been observed. 
Molecules which have been studied are O,, NQ, NO, 
OH, CH, HO,, and NH,. ' 

A description of the LMR technique parallels very 
closely that of conventional, gas phase ESR. In the LMR 
experiment a laser  operating in the far infrared re-  
places the microwave radiation source of ESR. Zeeman 
components of various hyperfine sublevels of a pure ro- 
tational transition are brought into coincidence with the 
laser radiation by means of Zeeman tuning with an ex- 
ternal magnetic field. The resulting absorption of laser 
radiation produces a signal which appears as the f i rs t  
derivative of the absorption line i f  the magnetic field is 
modulated with an amplitude which is much less than 
the linewidth of the transition. 

The LMR method is quite sensitive compared with 
other forms of magnetic resonance-indeed, compared 
with many forms of spectroscopy.' This enhanced sen- 
sitivity over other forms of magnetic resonance results 
principally from operating a t  a much higher frequency 
and from the fact that the absorbing medium is within 
the laser cavity. 

Because of i ts  great sensitivity and i t s  ability to de- 
tect paramagnetic species directly, LMR is a very use- 
ful technique for  the study of free radical reactions in 
the gas phase.8 Alternatively, a large amount of infor- 
mation of purely spectroscopic nature can be derived 
from the detailed analysis of LMR spectra. Information 
concerned with the various hyperfine interactions, Zee- 
man interactions, and the rotational Hamiltonian can be 
SO obtained. This, in turn, leads to a better understand- 
ing of the geometry and electronic structure of the spe- 

cies. It is this spectroscopic facet of LMR with which 
we are here concerned. 

This work reports the observation of the Zeeman com- 
ponents of a rotational transition of HCO using the 2.783 
THz D20 laser line, the assignment of these transitions 
to the 82,6-71,7 rotational transition, and the fitting of 
this spectrum with the parameters of a hyperfine Hamil- 
tonian. 

HCO has been the subject of several previous spec- 
troscopic investigations. The red bands have been 
studied by Herzberg and Ramsay, by Johns, Priddle 
and Ramsay, lo and more recently by Brown and Ram- 
say. '' The solid state ESR has been studied by Adrian 
et a1.12 and by H01mberg.l~ The a-type R branch rota- 
tional lines have been studied with the gas phase ESR 
technique by Bowater, Brown, and Carrington, l4 Austin, 
Levy, Gottlieb, and Radford, l5 and Boland, Brown, and 
Carrington." The a-type lo,l- Oo,o transition has been 
observed by Saito. l7 This work reports the f i rs t  LMR 
study of this molecule and the f i rs t  observation of a b -  
type rotational transition. 

EXPERIMENTAL 

The HCO free radicals were produced by reacting 
atomic fluorine with formaldehyde 

F +H,CO- HF + HCO. 

The F atoms are produced by an electric discharge 
in CF,. Special analyzed He in aFHe /CF ,  ratio was 
used to stabilize the discharge. The H,CO was  pro- 
duced by heating solid USP paraformaldehyde. 

The sample mixture is continuously pumped through 
a portion of the cavity of a D20 laser operating at 2.783 
THz. A magnetic field surrounding the sample area is 
then used to bring the Zeeman components into coinci- 
dence with the laser. A Brewster angle diaphragm sep- 
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FIG. 1. These  t r aces  a r e  the observed and calculated K polarization spectra.  The upper t r ace  i s  the observed and the lower the 
synthesized from the parameters  obtained by least-square fitting. 

RESONRNT F IELD I N  GRUSS ~ 1 0  

arates the sample region from the gas laser.  This 
allows the laser radiation to be polarized either parallel 
to the external magnetic field o r  perpendicular to it.  
In addition, the diaphragm serves to reflect a small 
amount of the laser radiation out into a liquid-helium 
cooled bolometer detector. A diagram of the spectrom- 
eter can be found in Ref. 2. 

The laser frequency can be shifted by a few MHz from 
the central frequency by slightly altering the cavity 
length. This allows a determination of whether the Zee- 

man sublevels involved in the absorptions a r e  approach- 
ing each other or diverging as the magnetic field is in- 
creased. 

OBSERVATIONS 

The spectrum observed by LMR depends on the orien- 
tation of the polarization of the laser  radiation relative 
to the applied magnetic field. If the electric field of the 
laser  radiation is parallel to the external field (r polar- 
ization), the selection rule is AMIp = 0, while if the two 
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FIG. 2. The  t r a c e s  a lso show the observed and calculated spec t ra ,  this  t ime for (T polarization. The  upper i s  observed, the 
lower  is synthesized f rom the pa rame te r s  obtained by least-square fitting. 

fields a r e  perpendicular (u polarization), the selection 
rules are AMF =f 1. Here MF is the projection of the 
total angular momentum on the magnetic field direction. 

The observed spectra of both polarizations a re  shown 
in Figs. 1 and 2. The observed lines were measured to 
0.5 G excepting lines which occurred below 600 G and 
these measurements a r e  tabulated in Table I. (The 
gaussmeter used did not operate below 600 G.) 

It is possible to  shift the laser  frequency slightly by 
changing the cavity length a s  was mentioned above. In 
all cases, the lines a r e  seen to move to higher field as 
the laser  frequency increases. This indicates that the 
transitions involved must originate in the M ,  = - i level 
of the lower rotational level and must terminate in the 
M ,  = + levels of the upper rotational level and that the 
rotational frequency is less than the laser frequency. 
Any other combination of levels would produce lines 
which tuned the wrong direction or scarcely at  all. 

THEORY 

The Hamiltonian for a paramagnetic asymmetric ro- 
tor containing one nuclear spin in a magnetic field has 
been described by several authors. 2*14118-20 HCO 
itself has one unpaired electron and one nuclear spin of 
1 
2 -  
- 

We chose to set  up the calculation of the various en- 
ergy levels in an “uncoupled” basis, i. e., 
NK-K, M,SM,IM,),  where the various M’s represent the 

projections of the rotational, electron spin and nuclear 
spin, angular momenta on the field-defined z axis. We 
chose this basis primarily because of ease and speed of 
computation. The basis set  (or coupling scheme) used 

in no way affects the results as the levels are obtained 
by setting up and diagonalizing a Hamiltonian matrix. 

In choosing an appropriate Hamiltonian for this spe- 
cific system, it seems advisable to f i rs t  write down a 
fairly complete Hamiltonian and then treat  those por- 
tions of that Hamiltonian which a r e  of a size complemen- 
tary to the accuracy of the observed data. 

The fairly complete Hamiltonian which we began with 
is 

&oT=&oT +ii,,+E3,. (1) 
The terms on the right hand side of Eq. (1) take into ac- 
count the rotational, the hyperfine and fine, and the Zee- 
man interactions, respectively. Let us  now examine 
each of these in turn. 

The rotational Hamiltonian includes the rigid rotor 
and centrifugal distortion effects. Since w e  are at  pres- 
ent concerned with a single rotational transition, we 
just introduce a parameter corresponding to the rota- 
tional frequency. 

b + a f i a s a + b b b f i b g b  + < c c k c $ c  + ( a )  ,?asa 

where (aa), + (bb), + ( C C ) ~  = 0. The fine and hyperfine 
Hamiltonian consists of three parts : the molecular 
rotation-electron spin interaction, the magnetic di- 
pole-dipole interaction between the proton and the elec- 
tron, and the Fermi contact interaction. Two of the 
three spin-rotation parameters can be determined a s  
can be the Fermi contact constant (O),) and were thus 
used in fitting the spectrum. The dipole-dipole con- 
stants were taken from the analysis of Boland“ 
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TABLE I. Observed l ines and assignments .  Lines  used in 
fitting have obs-calc reported.  

obsa M i  Index' hl, Index obs-talc" 
T polarization 

620.2 6 4 6 1 0.1 
633.9 7 3 7 2 
659.7 5 4 5 1 0.5 
672.7 6 4 6 2 0.5 
703.0 4 4 4 1 0.5 
714.8 5 4 5 2 0.2 
737.5 5 3 5 1 - 0.2  
744.7 6 3 6 2 - 0.3 
750.4 3 4 3 1 0.0  
761.8 4 4 4 2 0 . 2  
783.5 4 3 4 1 -0.1 
790.1 5 3 5 2 0.0 
803.6 2 4 2 1 0.0 
813.8 3 4 3 2 0.2 
834.9 3 3 3 1 0.8 
839.4 4 3 4 2 - 0.2 
863.1 1 4 1 1 0.0 
871.8 2 4 2 2 0.1 
889.8 2 3 2 1 - 0.3 
894.4 3 3 3 2 0.1 
929.9 0 4 0 1 - 0. 1 
936.9 1 4 1 2 0.1 
953.3 1 , 2  3 , 3  1.2 1 , 2  

1005.1 -1 4 -1 1 - 0.2 
1010.2 0 4 0 2 0.3 
1021.8 0 , l  3 .3  0 , 1  1,2 
1092.4 - 2 , - 1  4 , 4  - 2 , - 1  1.2 
1098.4 - 1 , 0  3.3 - l , o  1 , 2  
1186.9 - 3 , - 2 , - 2 , - 1  4 , 4 , 3 , 3  - 3 , - 2 , - 2 , - 1  1 , 2 , 1 , 2  
1277.8 - 2  3 -2  2 0 .2  

TABLE I. (Continued) 

obs M; Index' M, Index obs-calc' 

1102.6 - 3 , - 2  4 , 4  - 2 , - 1  1.2 

1176.1 - 1 , - 2  4 , 4  - 2 , - 3  2.1 
1197.2 - 3 , - 3  3.4 - 2 , - 2  1.2  
1267.2 -1  3 - 2  2 - 0.1  
1274.2 - 2  3 - 3  1 0.1 
1284.3 - 2  4 - 3  2 0.4 
1295.7 - 4  3 - 3  1 
1305.4 - 4  4 - 3  2 - 0 .9  
1315.0 - 5  4 - 4  1 1.4 
1376.0 - 2  3 - 3  2 0.0 
1387.3 - 3  3 -4  1 - 0.1 
1409.4 - 5 , - 3  3.4 - 4 , - 4  1,2 - 0.3,o. 2 
1420.5 - 4  4 - 5  1 - 0.3 
1431.5 - 5  4 - 4  2 - 0.1  
1501.6 - 3  3 -4  2 0.7 
1518.2 - 4  3 - 5  1 0.1 
1539.7 - 6  3 - 5  1 - 0. 5 
1556.1 - 4  4 - 5  2 0.2 
1576.0 - 5  4 -6  1 0.2 
1646.4 - 4  3 - 5  2 0.5 
1671.0 - 5  3 -6  1 0.2 
1692.0 - 7  2 -6  1 - 0.3 
1730.0 - 5  4 -6  2 0.1 
1760.8 - 6  4 -7  1 -0 .3  
1816.3 - 5  3 - 6  2 0.2 
1851.6 - 6  3 - 7  1 0.0 
1939.5 -6  4 - 7  2 0.2 
2018.4 -6  3 - 7  2 - 0.2 
2068.6 - 7  2 - 8  1 -0.4 

1108.6 -1 3 0 2 

gauss. 
1285.2 - 3  3 - 3  1 0.0 

1301.5 - 4  4 - 4  1 0 .0  

1398.5 - 4  3 - 4  - 0.1 
1420.5 - 4  - 4  0.0 
1432.7 - 5  4 - 5  - 0.1 
1511.8 - 4  3 - 4  2 0 .3  

1567.1 - 5  4 - 5  2 0.1 

1295.3 - 3  4 - 3  2 0.2 and were not fit upon. 

1386.7 - 3  3 - 3  2 0 . 1  kZ = (0) 'pH0 5; -g, 0, Ho& 

1529.2 - 5  3 - 5  1 0.0 - [ (o)\N)HoG; + (aa) ?)Sa ka + (bb): 'kb kb + (CC)? GC iC]. 

1 
4 2 

(3) 
1 + ( a a ) : S ' ~ , ~ a + ( b b ) ~ ' ~ b ~ ~ + ( C C ) ' ~ ' 5 , ~ c  

1587.8 
1656.4 
1681.5 
1740.5 
1771.8 
1826.1 
1861.5 
1949.1 
2027.1 
2077.5 

627.5 
640.5 
666.9 
710.9 
722.2 
745.5 
752.7 
759.2 
769.8 
792.2 
798.2 
805.2 
812.8 
822.5 
843.1 
848.2 
862.8 
873.1 
881.0 
899.1 
903.3 
919.7 
927.4 
940.4 
946.3 
963.2 
994.1 

1000.4 
1011.5 
1020.0 
1031.6 
1081.9 
1088.2 

-6  
- 5  
- 6  
- 6  
- 7  
-6  
- 7  
- 7  
- 7  
- 8  

5 
6 
4 
3 ,6  
4 
4 

2 
1 3  

3 
4 
4 
1 
2 
2 
3 
3 
0 

1 
2 
1 
2 

-1 

1 
0 
1 
1 

-1 

0 
1 

585 

1 .3  

3 , o  

- l , o  

4 -6  1 
3 - 5  2 
3 - 6  1 
4 - 6  2 
3 -7  1 
3 - 6  2 
2 - 7  1 
3 - 7  2 
2 - 7  2 
1 -8 1 

4 6 1 
4 7 2 
4 5 1 

4.3 4.7 1 , 2  
4 5 2 
3 5 1 

4 , 3  4.6 292 
4 3 1 
4 4 2 
3 4 1 
3 5 2 
4 3 2 
4 2 1 
4 3 2 
3 3 1 
3 4 2 
4 2 2 
4 1 1 
4 , 3  2 , 2  2.1 
3 2 1 
3 3 2 
4 0 1 
4 1 2 
4 0 1 

3.4 2 , 1  2.2 
3 2 2 
4 -1 1 
4 0 2 
3 0 1 
4 0 2 
3.3 0.1 1 , 2  
4 -1 2 
3 0 2 

(T polarization 

0 . 0  
0.2 

- 0.1 
- 0.2 
- 0 .7  
- 0.3 
- 0.2 
- 0.1 
- 0 .3  
-0.5 

-0.2 
- 0.1 
-0.4 

- 0.3 
- 0.7 
-0.7,-  0 .3  
- 0 . 3  
- 0.1 

- 0. 1 
0.3 

-0 .3  
0.1 

-0.4 
- 0.1 

0.2 
-0.2 

- 0.8 
- 0.1 

0.2 
0 .2  

0.8.0.3 

- 0.2 
0. 6 

- 0.1 

The first  term in Eq. (3) is the isotropic electron 
spin Zeeman interaction; the second term is the ana- 
logue for the proton spin. The next three a r e  the aniso- 
tropic electron Zeeman interaction, and the remaining 
terms a r e  the Zeeman interaction arising from the ro- 
tationally induced magnetic moment interacting with the 
external magnetic field. The effects of this latter term 
should be negligible for the f 0.5 G accuracy of the ob- 
servations. None of the constants in these terms were 
fit upon. The g tensor components were determined 
from the relationships21 

g,= 2.0023 - E,JW etc. . 
The various matrix elements were calculated using 

the method of spherical tensor operators. This method 
has been fully described e l s e ~ h e r e ' ~ ' ' ~ * ~ * ~ ~  and s o  will  
not be given further treatment here. 

In Table II a r e  listed some repaesentative contribu- 

TABLE 11. 
Hamiltonian t e r m s  to a typical mat r ix  
e lement  (in MHz) a t  H = l o 0 0  G. 

Contributions of the various 

H spin-rotation 0-1000 
H dipole-dipole 2 
H F e r m i  97 
H anisotropic 1 
H electron Zeeman 1400 
H nuclear Zeeman 2 
H rotational Zeeman -0.5 
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tions of the various Hamiltonian terms to the total en- 
ergy. Quite naturally the isotropic electron Zeeman is 
found to be the largest, followed by the Fermi contact 
and the spin-rotation interactions. It must be remem- 
bered that the rotational energy contribution is account- 
ed for by subtracting it from the l a se r  frequency. 

SPECTRUM PREDICTION 

In order to assign and fit the observed spectrum, i t  is 
f i r s t  necessary to synthesize a similar spectrum. The 
total Hamiltonian used to calculate the spectrum was 
that one described in Eqs. (2) and (3) with the omission 
of the rotational Zeeman term since i ts  contribution is 
negligible. 

up and indexing the Hamiltonian matrices is needed. 
The projection of the total angular momentum on the 
field axis is the sum of the individual components along 
the fieldaxis, MF = M N  + M ,  + M I .  M F  is a good quantum 
number for indexing the matrices. For  eachpossible Val- 
ue of M F  there is set up a 1 x 1, 3 x 3, o r  4x4 Hamiltonian. 
matrix-the dimension being the number of possible Val- 
ues of M N ,  M,, and M I  which sum to give M p .  For sev- 
eral  fields the matrices are calculated and then diago- 
nalized and the eigenvalues and transformation matrix 
for each diagonalization saved. Frequency differences 
between the appropriate Zeeman sublevels of each ro- 
tational level a r e  then calculated. The direction co- 
sines between the two rotational levels a r e  calculated 
and transformed to the proper basis by the appropriate 
transformation matrices formed from the eigenvectors. 

In order to present the spectrum as a field swept 
spectrum, the energy levels and the direction cosine 
matrices were calculated at 11 values of the magnetic 
field. Then, given a fixed laser  frequency, the magnet- 
ic field giving that frequency for a given transition is 
calculated. This was done by quadratic interpolation 
between the three magnetic fields which give frequen- 
cies closest to the laser  line. The intensity is calculat- 
ed by interpolating the direction cosine matrix ele- 
ments quadratically to that field. The intensity is pro- 
portional to the square of the direction cosine element. 
The resultant fields and intensities can be displayed a s  
stick plots of intensity vs field or a s  Lorentzian deriva- 
tives on the same axes. By using 11 values of the mag- 
netic field covering the region of the spectrum, the in- 
terpolation e r r o r s  are l e s s  than the experimental e r ro r  
of 0.5 G. 

Once the Hamiltonian is chosen, a process for setting 

ASSIGNMENT 

The first  assignement which must be arrived at in the 
complete analysis of this spectrum is obviously the ro- 
tational transition to which the Zeeman components of 
the observed lines belong. As the magnetic field 
strengths used in this experiment a r e  not inordinately 
large (2100 G), the rotational frequency must be near 
that of the laser  (2.783 THz). Additionally, as the ob- 
served lines move to higher field with increasing fre- 
quency, the rotational frequency must be below that of 
the laser.  Likewise, because of the phenomenon of 

moving to higher field with increasing laser  frequency, 
i t  can be shown from the considerations of the allowed 
transitions and possible levels, that there a re  8N’ + 3 
possible lines for the T polarization. Here N’ is the low- 
er of the two rotational levels. Replete with this infor- 
mation, we predicted several rotational transitions. 
The rotational transitions which fulfilled, at least nomi- 
nally, the above criteria were the 91,& 92,7- 81,8, 
and 82,6- 71,7-a11 b-type transitions. After predicting 
LMR spectra of all these transitons from the best avail- 
able data, i t  w a s  found that the 82,6--71,7 transition best 
fulfilled the above requirements-both with respect to 
the number of lines and the overall qualitative appear- 
ance. 

After settling on this assignment, some 92 completely 
resolved lines from both polarizations w e r e  assigned. 
Lines which were not completely resolved were omitted 
due to the inherent inaccuracy in assigning their posi- 
tions. After refinement of the parameters by least- 
square fitting (vide infra) of these lines, the predicted 
and observed spectra are compared in Figs. 1 and 2. 
That the assignments must be correct is obvious from 
the goodness of fit of fields and the excellent agreement 
in relative intensity in comparison with the observed. 
Figure 3 shows the Zeeman levels of,the two rotational 
levels involved in this spectrum. The transition at 
659.7 G is shown by an arrow connecting the two sub- 
levels involved. This is the fourth line from the low 
field end of the T polarization spectrum (the third strong 
line). 

\ 

FITTING 

Several of the parameters were adjusted by least- 
square fitting the observed spectrum. Because the 
lines were measured to 0.5 G, the refined parameters 
are generally more accurate than those determined pre- 
viously, In looking at contributions of the various 
Hamiltonian terms in Table I, one can feel reasonably 
certain that a good fit of the observed data should be ef- 
fected by fitting on E,, c,,, (O),, and vo. The other 
terms of the Hamiltonian (except for the rotational Zee- 
man terms) a r e  included in the calculation of the energy 
levels for the fit, but were,not refined in the fit either 
because their magnitude was so small as to preclude a 
meaningful fit with these data, or because the constants 
were already well  determined. 

spectrum was  to be carried out. The resonant field of 
each line thus is supposed to be a function of E, E,,, 
(0)1,  and vo. The derivatives of field position with 
respect to each parameter a r e  needed. This is accom- 
plished by calculating the derivative of the frequency 
with respect to each parameter and then making use of 
the implicit function theorem 

A convential least-squares adjustment of the observed 

(4) 

to transfer to the proper derivative for a field swept 
spectrum. The quantities Hobs - Hcalc were calculated by 

Hobs - H c a l c  = (Vcalc - V o b s ) / ( ~ / ~ H ) -  (5) 
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It was found that all four parameters were better deter- 
mined by the data than by the initial guess. The esti- 
mated standard deviation of the observed field is given 
bv 

where N ,  and N p  a re  the number of lines and number of 
parameters, respectively. 

The results of the fitting are shown in Table III. Al- 
though e, and e,, were fitted, the data actually deter- 
mine the electronic spin-rotation splittings of the V I , ,  
and 82,6 levels, and these a re  the numbers listed in 
Table III. The constants used in calculating the spec- 
trum, but which were not themselves fitted, a re  listed 
in Table IV. 

From this analysis the four constants (O), , vo, 
AE(82,6), and AE(71,7) are obtained. The values are 
compared to the results of earlier work in Table III. 
The value of the Fermi contact constant, (O),, is very 
close to that obtained by Boland et a1 . I 6  as is indicated 
in Table III. The values of the electron spin-rotation 
splitting for each state, AE(7,,,) and AE(82,6), are rea-  
sonably close to those which can be calculated from the 
ebb and e,, constants of Boland et al.16 and the K-depen- 
dent e,, found by Brown. 2 4  He obtained E,(K= 1) = 11 580 
MHz and <,(IC= 2)= 11 430 MHz. 

The transition we have studied is the first  b-type ro- 
tational transition observed for HCO. The best pre- 
vious estimate of the A rotational constant was made by 
Brown and Ramsay" from an analysis of the optical 
spectrum. The effect of centrifugal distortion in HCO 
is quite large and the b-type rotational transition here 
reported gives the linear combination of A ,  ANK, and 
AK indicated in Table 111 when the values of B, C, 4, 6N, 
and 6, found by Boland et a1.16 are inserted. If the val- 
ue of ANK of - 0 . 9 2  MHz, which w a s  obtained from a 
force field analysis by M a l l i n s ~ n , ~ ~ i S  used, and the val- 
ue of AK of 707.5 MHz obtained by Brown and Ramsay 
by analysis of the optical spectrum is used, the value 
of A that results is 728.19 GHz. This compares closely 
with the A value of 728.32 GHz found by Brown and Ram- 
say. 

TABLE 111. 
previous work. 

Constants obtained f r o m  
o u r  analysis 

Constants obtained f r o m  the cu r ren t  analysis  and 

Constants obtained f r o m  data 
of Browna and Bolandb 

4E(71,,)=333. 5+6'  4E(71 ,7 )=331 .  0 
4E(82,F)=4329.1*9.5C 4E(8,, ,)  =4326. 5 
(0),=389.7i1.3 '  ( 0 ) r  = 388.9 
uo =2779156. 4d+2C 

Linear  combination of A ,  aNK ; and a K ,  determined by fit of 
LMR spectrum using the values of B ,  C ,  a,,  6,, and 6, 
found by Bolandb: 
uo - A  - 76.91 aNK - 54,3724821.6 

aReference 24. 
bReference 16. 

'Laser frequency used 2783066.6 MHz, Ref. 27 .  
Two estimated standard deviations. 

TABLE IV. 
not fitted themselves  (in MHz). 

Constants used i n  fitting but 

(O),e)=Z. 0009 (aa)l = 11.7 

b a = l .  39967 (bb), = 3.8 

g, = 5.585486 ( C C ) ~  = - 15.5 

~ , ~ = 7 . 6 2 3 ~ 1 0 - ~  

(aa),= - 5.0208 x 10" (aa), = 0.0 

(bb),=l.7792X10-3 (bb), = 0.0 

(cc),= 3.2416 x 

a ~ ~ ~ / ~ ,  

(cc), = 0.0 

Several additional LMR transitions of HCO have been 
observed by Radford." The analysis of these transi- 
tions should yield other b-type rotational frequencies 
which, when combined with the other a-type transitions 
for HCO, should yield a complete set  of rotational and 
centrifugal distortion constants for the molecule. 
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